Fatty acid synthase (FAS) is a potential target for cancer, but potent inhibitors against FAS are scarce. In this study, we found that activities of catechins on inhibiting FAS increased greatly by heating them in acid. The enhancement was positively correlated to H þ concentration. The inhibitory activities of the final products from different catechins were similar, all of which were less than 1 mg/mL. The product from (2 )-epigallocatechin gallate (EGCG) was stable at room temperature, and its inhibitory kinetics and reacting sites on FAS were obviously different from the known FAS inhibitors. It also affected the viability of MCF-7 cells more obviously than EGCG. A putative route of the reaction progress was proposed and the effective inhibitors were deduced to be oligomers of 2-hydroxy-3-(3 0 , 4 0 , 5 0 -trihydroxyphenyl) propenoic acid by analysis of their spectra. The work affords new and potent FAS inhibitors that would be promising candidates for the treatment of cancer.
Introduction
Animal fatty acid synthase (FAS, EC 2.3.1.85) is a key enzyme participating in energy metabolism in vivo. It consists of two identical polypeptides, each carrying seven discrete functional domains. FAS catalyzes the synthesis of long chain fatty acids de novo from acetylCoA, malonyl-CoA and NADPH [1, 2] .
Most human tissues, except liver and adipose tissue, exhibit low levels of FAS expression. However, the expression of FAS is surprisingly high in a variety of common human cancers, such as cancer of the breast, prostate, ovary and lung [3 -6] . The inhibitors of FAS demonstrate selective cytotoxicity against human tumor cells. These merits make FAS an attractive therapeutic target for cancer [7] .
Gallated catechins are a series of inhibitors against FAS [8] . For example, (2 )-epigallocatechin gallate (EGCG) is the first catechin that was found to inhibit FAS [9] . Later, Yeh et al. reported that the expression of FAS was suppressed by EGCG at both protein and mRNA levels, which may lead to the inhibition of MCF-7 cell lipogenesis and proliferation [10] . However, EGCG is not a very potent inhibitor of FAS, with an IC 50 value more than 20 mg/mL [9] . Ungallated catechins, such as (þ )-catechin, (2 )-epigallocatechin (EGC) and (2 )-epicatechin, do not even exhibit inhibition on FAS, the IC 50 values of which range from 464 to 1100 mg/mL [8] .
In this study, unexpectedly, some novel and potent FAS inhibitors with IC 50 less than 1 mg/mL were produced from catechins, including both gallated and ungallated ones. The reaction conditions and the inhibitory characteristics of the products were determined. The effect of the product from EGCG on the growth of MCF-7 cells was studied. Through further analysis of the products, a route of the reaction and the structure of the effective product were established.
Materials and methods

Materials
Acetyl-CoA, malonyl-CoA, NADPH, (þ )-catechin, gallic acid, tert-butyl methyl ether, trifluoroacetic acid and MTT were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). EGCG was from Shanghai Healthjoy Chemical Co. Ltd. (Shanghai, China). EGC was obtained from Shanghai U-sea Biotech Co. Ltd. (Shanghai, China). Acetonitrile, n-butanol and ethyl acetate were purchased from the Beijing Chemical Reagent Co. (Beijing, China), and the methanol used in the HPLC analysis was chromatographic grade. All other chemicals and reagents were local products of analytical grade.
Preparation of FAS and substrates
The preparation, storage and use of FAS from chicken liver were performed as described previously [11] . The purified FAS was homogeneous on polyacrylamide gel electrophoresis in the presence and absence of SDS. The enzyme and substrate concentrations were determined by spectrophotometry using the following coefficients: chicken liver FAS, 4 
Assays of FAS activity
The FAS activity for the overall reaction (OA) was determined using an Amersham Pharmacia Ultrospec 4300 pro UV-Vis spectrophotometer (Buckinghamshire, England, UK) at 378C by detecting the decrease in NADPH absorption at 340 nm. The assay system contained 100 mM KH 2 PO 4 -K 2 HPO 4 buffer (pH 7.0), 1 mM EDTA, 1 mM dithiothreitol, 3 mM AcetylCoA, 10 mM Malonyl-CoA, 35 mM NADPH and 10 nM FAS in a total volume of 2.0 mL as previously described [11, 12] . The FAS activity for the b-ketoacyl reduction (KR) was determined at 378C by detecting the decrease in NADPH absorption at 340 nm. The reaction mixture contained 200 mM ethyl acetoacetate, 35 mM NADPH, 1 mM dithiothreitol and 10 nM FAS in 100 mM KH 2 PO 4 -K 2 HPO 4 buffer (pH 7.0).
Assay of FAS inhibition
The inhibition was determined by adding a sample (inhibitor) to the reaction system before FAS initiated the reaction. FAS activity in the presence and absence of sample were designated as A i and A 0 respectively. A i /A 0 was the remaining activity (R.A.) of FAS.
Growth inhibition of breast cancer cells
Human breast cancer MCF-7 cells were used to test the growth inhibition by samples inhibiting FAS. The MTT cell viability assay was performed according to the manufacturer's instructions. Briefly, MCF-7 cells were harvested and washed with 1 £ PBS (137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , pH 7.4) and then were diluted to a final concentration of 1 £ 10 5 /mL in an assay medium. One hundred microliters of cell suspension (10 4 cells per well) were dispensed into 96-well plates. The plates were incubated at 378C for 24 h in a humidified CO 2 incubator. One hundred microliters of complete culture media with different concentrations of samples were added to the wells. Sequentially the plates were incubated at 378C for 24 h in a humidified CO 2 incubator. Then cultured cells were washed with warm PBS. For the color development, dye solution (0.5 mg/mL MTT in DMEM without phenol red) was added to each well and the plates were incubated at 378C for 4 h. After the dye solution was removed, 100 ml solubilization/stop solution was added to each well. The plates were kept at 48C overnight and then the absorbance rate at 570 nm was recorded by a 96-well plate reader. Experiments were performed in triplicate.
Preparation of potent FAS inhibitors from catechins
The inhibitory activities of catechins, including (þ )-catechin, EGC and EGCG, on FAS were significantly enhanced by heating them in acid. After they were treated with 1 M sulfuric acid at 1008C separately, their products were extracted with ethyl acetate at a ratio of 1:1 (V/V) three times. The three ethyl acetate layers were combined and evaporated to dryness. The resulting substances were referred to as C-2, E-2 and EG-2 respectively.
Separation and analysis of effective components inhibiting FAS
High speed counter-current chromatography (HSCCC) was used to isolate the effective components inhibiting FAS. The separation was carried out with TBE-300A high-speed counter-current chromatograph (Tauto Biotechnique, Shanghai, China). The separation was performed according to the standard procedure at 258C [13] . The effluent fraction was monitored at 280 nm.
Matrix assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF MS) was applied to explore the molecular weight of active components using a Bruker BIFLEXe III instrument (Bruker Daltonics, Bremen, Germany) equipped with a 337 nm N 2 -laser and employed in the reflection mode. NaCl was added to the matrix.
The NMR spectra were recorded at 400 MHz on a Bruker AVANCE DPX400 (Bruker, Switzerland), equipped with a 5-mm inverse broadband probe, using DMSO-d6 as solvent. IR spectra, as KBr disks, were recorded on a Thermo Nicolet AVATAR 360 FT-IR spectrometer (Madison, USA) (4000 cm 21 to 400 cm
21
). HPLC analysis was carried out with a Dionex System (California, USA), comprising a Model 680 Pump, a Model UVD 170U Detector and a Rheodyne 7725i Manual Injector. The analysis was performed at room temperature on a 250 £ 4.6 mm i.d. Diamansil C18-5 mm ODS column.
Results
Unexpected enhancement of inhibitory ability on FAS by heating (þ )-catechin in sulfuric acid
We found that the inhibitory effect of (þ )-catechin on FAS was markedly enhanced during the process of heating it in sulfuric acid. A time process was needed for the enhancement of inhibitory activity, and the required time was positively related to the temperature of treatment. The results showed that a chemical reaction had happened to produce a FAS inhibitor with high activity. Figure 1A shows the time course of the enhancement of the inhibitory activity of (þ )-catechin in 1 M sulfuric acid at 1008C. It also shows that the inhibitory activity remains unchanged after 40-minute treatment, which implies that the reaction has completed. The IC 50 for FAS inhibition of the final product was 1.3 mg/mL. Thus, the inhibitory activity increased over 350-fold.
At 608C, the required time for completing the reaction increased to 1 h, and the IC 50 of the final product for inhibition of FAS was 1.0 mg/mL, which was close to that obtained at 1008C. The results indicated that the reactions at 1008C and 608C might be similar while the velocities of the two reactions were different. At 258C, the reaction progressed very slowly; almost no enhancement of the inhibitory activity was observed in the first few hours ( Figure 1B) .
Furthermore, the results shown in Figure 1C indicate that the higher concentrations of sulfuric acid would result in faster enhancements of the inhibitory activities of the treated (þ )-catechin.
Enhancement of the inhibition of FAS by (þ )-catechin heated in other acids
Similar to the result in sulfuric acid, it was observed that (þ )-catechin heated in other acids also exhibited very potent activity in inhibiting FAS. The experiments were carried out in 1-M samples of various acids with different acidities. The results listed in Table I show that the higher the acidity is, the more quickly the inhibitory activity increases. However, the inhibitory activity was similar for the final products in different acids, with the exception of acetic acid, the acidity of which was the weakest among these acids. Time course of remaining FAS activity by inhibition of (þ )-catechin treated with 1M sulfuric acid at 1008C. The concentration of (þ )-catechin was 2.5 mg/mL. A 1.2-ml aliquot was taken to measure the remaining activity of FAS in a 2 mL assay mixture at the indicated times. (B): Time course of remaining FAS activity by inhibition of (þ )-catechin treated with 1 M sulfuric acid at different temperatures. The concentration of (þ )-catechin was 2.5 mg/mL. A 2-ml aliquot was taken to measure the remaining FAS activity in a 2 mL assay mixture at the indicated times. O: 1008C; V: 608C; w: 258C. (C): Time course of remaining FAS activity by inhibition of (þ )-catechin treated with different concentrations of sulfuric acid at 1008C. The concentration of (þ )-catechin was 2.5 mg/mL. A 2-ml aliquot was taken to measure the remaining FAS activity in a 2 mL assay mixture at the indicated times.
O: 1 M sulfuric acid; V: 0.5 M sulfuric acid; w: 0.1 M sulfuric acid; †: water. The data was the mean of three experiments.
Enhancement of inhibitory activity of EGC and EGCG in 1 M sulfuric acid
In addition to (þ)-catechin, the inhibitory activity was also enhanced significantly for EGCG and EGC treated in 1 M sulfuric acid at 1008C. For EGC, heating for about 60 minutes resulted in the most potent inhibitory activity; the IC 50 of the final product was 0.83 mg/mL. These results were close to those of (þ)-catechin.
It took about 3 hours for EGCG to exhibit the most effective inhibition on FAS. The IC 50 of the final product was 0.85 mg/mL. The required time for EGCG was much longer than that for EGC and (þ )-catechin, and the inhibitory activity of EGCG did not change in the first 20 minutes during the treatment. The results revealed that the increase of the inhibitory activity of treated EGCG was delayed.
However, the IC 50 values of the final products from EGC and EGCG were nearly the same.
IC 50 values of the ethyl acetate extracts from the heated catechins in acid Each of the products was extracted with ethyl acetate after the treatment with 1 M sulfuric acid at 1008C. The extracts of products from (þ)-catechin, EGC and EGCG were designated as C-2, E-2 and EG-2 respectively. All of them showed potent inhibition on FAS. The IC 50 values of them inhibiting FAS are listed in Table II . It is indicated that their inhibitory activities were much stronger than those of untreated catechins.
Kinetics study of inhibition on FAS by EG-2
Furthermore, a study on the inhibition kinetics of EG-2 was carried out. First, the overall reaction activity was studied in the presence of increasing EG-2 concentration with acetyl-CoA as the variable substrate. The double-reciprocal plot (Figure 2A) indicates that EG-2 is a competitive inhibitor to acetyl-CoA. The inhibition constant Ki obtained from the plot of the slope vs. EG-2 concentration was 0.16 mg/mL.
Then the b-ketoacyl reduction activity was measured in the presence of increasing EG-2 concentration with NADPH as the variable substrate. The ratio of KR to OA is calculated by the ratio of the IC 50 of OA to that of KR. The double-reciprocal plot ( Figure 2B) indicates that EG-2 is also a competitive inhibitor to NADPH; and the inhibition constant Ki was 0.40 mg/mL. Compared to EGCG, the Ki values of EG-2 are much lower, which indicates that EG-2 is a much stronger inhibitor of FAS [14] .
Stability of EG-2
Then the stability of EG-2 stored at room temperature was tested. It was found that the IC 50 value after 25 days storage was 0.74 mg/mL, which was similar to the initial IC 50 . Even after about 6 months of storage, the decrease of inhibitory activity was still limited and the IC 50 reached 1.47 mg/mL. Therefore, for the inhibition on FAS, EG-2 is stable at room temperature.
Growth inhibition of EG-2 on MCF-7 cells
Since EG-2 was such a significant inhibitor of FAS, MTT assay was carried out to investigate whether EG-2 could influence the viability of cancer cells. Human breast cancer MCF-7 cells were employed in this study. It was observed that EG-2 inhibited the growth of MCF-7 cells obviously and the inhibition was in a dose-dependent manner ( Figure 3 ). Compared with EGCG, with similar doses, EG-2 inhibited the growth of MCF-7 cells more significantly, which is consistent with their inhibitory abilities on FAS.
HSCCC isolation of active components from EG-2
The next question was focused on what had happened during the treatment. HSCCC was applied in our study to isolate the effective components from EG-2. The separation used the two-phase solvent system ethyl acetate-butanol-H 2 O (4:0.6:5, V/V/V), which produced three main fractions ( Figure 4A ). NMR imaging confirmed that Fraction 2 was gallic acid. The percentages of the Fraction 1, 2 and 3 by mass were 24%, 26% and 33% respectively. The IC 50 values of them were 0.76 mg/mL, 40 mg/mL and 0.72 mg/mL respectively. Covering about 99% inhibitory activity, Fractions 1 and 3 were the effective components to inhibit FAS. Then they were subsequently subjected to further fractionation by HSCCC, and four active fractions were isolated. Their IC 50 values ranged from 0.45 mg/mL to 1.86 mg/mL and they were subsequently used for structural analysis. It was found that about 0.7 mole gallic acid could be obtained if 1 mole EGCG were treated. This result showed that most of EGCG had initially turned into EGC.
Analysis of active fractions
MALDI-TOF MS was used to explore the molecular weight distribution in those active fractions from EG-2. Na þ was added to improve the ionization, so each labeled mass represented the molecular ions of [M þ Na þ ]. All of the MALDI-TOF mass spectra of active fractions in EG-2 exhibited similar characteristics. One of the spectra is displayed in Figure 4B . Regular repetitions of signals starting at m/z of 445 and separated by 211 Da are observed. It is suggested that oligomers, with a building unit of 211 Da, are produced during the treatment and those oligomers are the actual components potently inhibiting FAS. The mass range in all of the fractions measured was from 445 Da to 1289 Da. Thus, the polymerization degree of oligomers was from two to six monomers.
By using the signal height in spectra as the measure of relative abundance, the distributions of oligomers were evaluated. The results indicated that the most abundant oligomer was trimer for almost every fraction. Besides, there was a positive correlation between the trimer content and the inhibitory activity of fractions. Trimer seemed to be the most potent inhibitor of FAS among the oligomers.
NMR and IR spectrometry were used to unveil the typical characteristics of the fractions. The data of characterization of Fraction 2 was as follows: E-2 and EG-2 were analysed by HPLC ( Figure 5 ). The graph shows that most of their peaks match with each other. The peak at 10 min was identified as gallic acid by direct comparison with an authentic sample. This implies that there is gallic acid in EG-2 while almost no gallic acid exists in E-2.
Discussion
Novel and potent inhibitors of FAS were produced in the reaction
In this study, a remarkable increase of the inhibitory activities on FAS of catechins was observed during the process of heating them in acid. The IC 50 values of the products were much lower than that of cerulenin (20 mg/mL) and EGCG (24 mg/mL), two typical FAS inhibitors [9, 16] . Even though the inhibitory activities on FAS of gallated and ungallated catechins differ a lot, it was shown that the inhibitory activities of C-2, E-2 and EG-2, which were derived from (þ )-catechin, EGC and EGCG respectively, were similar.
It is found that the treated products from catechins inhibit FAS in a different way from the known inhibitors of FAS. The product EG-2 suppressed FAS activity through competitively inhibiting the binding of acetylCoA while EGCG inhibited FAS in a mixed manner of non-competitive and competitive inhibition to acetylCoA [14] . The ratio of IC 50 for the overall reaction to the b-ketoacyl reduction of FAS by EG-2 was 0.15 (Table II) , while that by EGCG was 0.52, which indicates that the b-ketoacyl reductase domain is the main reaction site for EGCG but not for EG-2. It is suggested that the main reaction site for EG-2 should be the acyl transferase domain, which is the acetyl-CoA binding site on FAS. Other two major FAS inhibitors, C75 and cerulenin, mainly react with the ketoacyl synthase domain on FAS [16, 17] . Thus, EG-2 is a novel inhibitor of FAS different from the main known ones.
Hydrogen ions facilitate the reaction
As is demonstrated above, the speed and degree of the enhancement of FAS inhibition ability of catechins by treatment in acid were positively related to the concentration of acid and the acidity of acid. It seems that the enhancement was independent of the acid type. The results indicate that the hydrogen ion concentration is an essential factor for the reaction. Thus, the enhancement might stem from certain chemical modification of catechins by hydrogen ions.
Influence of MCF-7 cell viability by EG-2 via inhibition to FAS?
EG-2 exhibited significant inhibition on the growth of MCF-7 cells. The dose-response curve reflects the parallelism between inhibition of FAS activity and cancer cell proliferation (Figure 3) . Thus, the inhibition of MCF-7 cells by EG-2 may be related to its ability of inhibiting FAS activity. FAS has been reported to be a potential target for cancer [7] . Since EG-2 shows potent inhibition on the growth of MCF-7 cells as well as inhibition of FAS, it could be developed into a candidate for anticancer drugs.
Analysis of route of the reaction progress and the structure of products
Together with the results of HSCCC, HPLC, MALDI-TOF mass spectra, IR spectra and a variety of NMR experiments, we carried out the following analysis.
The production of high amount of gallic acid ( Figure 4A ) implies that the ester bond between C3 and the galloyl moiety of EGCG was hydrolyzed in the process of heating EGCG in acid. The similarity of the HPLC graphs of E-2 and EG-2, except for a gallic acid peak on the EG-2 graph (Figure 5) , also confirms the release of gallic acid. Thus, the time course of inhibitory ability enhancement of EGCG during treatment lagged behind that of EGC. Therefore, after the release of gallic acid, the next reactions are similar for both gallated and ungallated catechins.
The MALDI-TOF mass spectra show that the main products are oligomers, with a building unit of 211 Da ( Figure 4B ). The EGC, with molecular weight of 306 Da, must release another part before polymerization. The NMR results showed that phloroglucinol was produced in the treatment. According to the structures of catechins, the phloroglucinol could only come from Ring A. This opinion is then consistent with the result of negative-ion ESI mass spectrum of C-2. (þ )-Catechin has one less hydroxyl on Ring B than EGC. Thus, if the Ring B was released to produce phloroglucinol, there would be no difference in molecular weight between the products from EGC and (þ )-catechin. However, according to the negative-ion ESI mass spectrum of C-2, a main molecular ionic peak of 195 rather than 211 appears ( Figure 6 ). Therefore, Ring A, not Ring B, was released during the treatment. This process should include two steps. Firstly, the C2-O bond of Ring C was hydrolyzed by the action of H þ . Then the bond linking C4 and Ring A was hydrolyzed.
The remaining part contained Ring B and three adjacent alcohol hydroxyls. The primary hydroxyl was oxidized into carboxyl. Two adjacent hydroxyls of Figure 6 . Negative-ion ESI mass spectrum of C-2. secondary alcohol were dehydrated to form alkene double bond. This product with molecular weight of 212 Da is the proposed building unit of oligomers. The important evidence to support this proposal is that both the IR and 13 C NMR spectra showed the existence of carboxyl groups in the product. The existence of C-1, C-2, C-3 0 , C-5 0 , C-2 0 , C-6 0 and C-3 of the building unit was corroborated by the 13 C NMR data of fractions. Then the polymerization took place to produce oligomers. The proposed possible reaction process is shown in Figure 7 .
As is known, the basic monomer of condensed tannins is flavan-3-ol, such as (þ )-catechin and (2 )-epicatechin. The condensation between (þ )-catechin and (2 )-epicatechin occurs widely in plants [18] . In vitro, Bishop et al. synthesized dimeric condensed tannin by directly adding a glycosided anthocyanin and catechin to aqueous 10 mM HCl in air-free conditions [19] . However, in this study, condensation between flavan-3-ols in acidic conditions was not observed. If (þ )-catechin or EGC served as the monomer, compounds with building unit of 288 or 304 Da should be detected.
The theaflavins in black tea are the products of oxidative coupling of catechins. They are effective inhibitors of FAS, with an IC 50 value of 1.27 mg/mL [14] . In this study, no theaflavins were observed in the product derived from catechins through HPLC analysis. It is interesting that all these "coupling" catechins inhibit FAS much more potently than catechins themselves do.
Conclusion
In this study, novel and potent inhibitors of FAS, with IC 50 values less than 1 mg/mL, were obtained from treating catechins at higher temperature in acid. Moreover, the products were capable of inhibiting the growth of human breast cancer cells significantly. Through analysing the inhibition kinetics of these inhibitors, it was observed that they were more potent than the known FAS inhibitors and were different from the known ones. Through a series of structural analysis, these inhibitors were proposed to be oligomers with 2-hydroxy-3-(3 0 , 4 0 , 5 0 -trihydroxyphenyl) propenoic acid as building unit.
